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EXECUTIVE SUMMARY 

The OH radical plays an indisputably major role in the chemistry of the 
troposphere. Accordingly, considerable effort has been devoted during the 
last decade to the development of a means for its direct detection. Such 
measurements are very difficult, due to the low concentration at which OH is 
present (of the order of 10^ molecules per cm'^). A series of intercomparison 
tests were held in 1983 and 1984 for the three techniques then under develop- 
ment through NASA funding. The results from these tests were reviewed by an 
independent panel, which concluded that those methods were incapable of 
measuring OH reliably at the lO^/cm*^ level. New methods must be developed if 
OH concentrations are to be usefully determined in the clean troposphere. 

During August of 1985, a NASA-sponsored workshop, ’’Future Directions for 
H^O Detection,” was held at SRI International, in Menlo Park, California. 
The^objective of the workshop was to assess new methods for the measurement of 
OH radicals and to assess currently available and possible future methods for 
the other H^O species, HO 2 and H 2 O 2 . The workshop participants were invited 
from different groups: modelers of atmospheric photochemistry, experimenta- 

lists measuring H^Oy species with laser and nonlaser methods, and chemists and 
physicists familiar*^ with such experiments but not involved in atmospheric 
monitoring. The workshop format consisted of brief presentations including 
considerable discussion, and discussions within four smaller groups. The 
questions asked at the workshop were broad: What are the capabilities 

(sensitivity, accuracy, precision, and dynamic range) needed so that the 
measurements furnish useful tests of tropospheric photochemistry? Can the new 
and proposed measurement methods meet such requirements? 

There were three major conclusions from the workshop concerning the OH 
radical. First, it was felt that ’’local” measurements made by laser tech- 
niques would be ready within 2 or 3 years to furnish reliable measurements at 
the level of 10^/cm^. Second, measurements at this level of sensitivity and 
with attainable levels of precision could indeed be used to make useful and 
interesting tests of the fast photochemistry of the troposphere. It is 
Important, however, that the measurements be carefully designed, with respect 
to spatial and temporal averaging, if there is to be a meaningful comparison 
between results from two experimental methods or a measurement and a model. 
Third, nonlocal measurements using released reactants and tracers would also 
be very useful. These could be made on a regional or global basis, although 
they still require experimental design including choice of compounds. 

The other species were not considered in the same detail as was OH. 

It was clear that measurement of the other species would be useful, and it 
appeared that there existed the capability of detecting HO 2 and H 2 O 2 with the 
necessary sensitivity, although continued development was still necessary in 
each case. 



More specific conclusions and recommendations are summarized. 

1. For OH measurement, there are two laser-based methods, long-path 
absorption and low-pressure laser-induced fluorescence, that are 
almost ready for field testing, and a third method (two-photon 
laser-induced fluorescence) that should be available in 2 or 3 
years. In each case, operating characteristics capable of providing 
meaningful tests of tropospheric photochemistry appear achievable. 

2. It would be desirable to have available a nonlaser, nonspectroscoplc 
OH method for comparison with the local laser techniques. This 
would probably be a regional measurement using a released chemical 
reactant. However, it appears that no candidate technique will be 
at the necessary stage of readiness within this same time frame. 

The search for useful reactants, to provide local and both region- 
ally and globally averaged determinations, plus experiment design 
using models that include circulation, should be expanded. 

3. Intercomparison among experimental determinations is crucial in 
order to obtain meaningful, believable measurements on OH 
concentrations. This intercomparison should be planned as part of 
the developmental effort but should be preceded by planned 
collaboration and open comparison among investigating teams. 

Results of all such tests, planned and blind, should be made public. 

4. The OH molecule, with a chemical lifetime of approximately 1 sec, 
responds rapidly to changes in concentrations of the variables that 
control it. This could significantly affect comparisons among 
experimental determinations which average over different spatial and 
temporal scales, and between measurements and model predictions. 

The extent of such variations needs to be explored through 
computational experiments using the photochemical models to provide 
proper design of measurements including requirements for 
simultaneous determination of other variables. 

5. Measurement of HO 2 would be very useful in our understanding of 
tropospheric photochemistry, and the [ 0 H]/[H 02 ] ratio may be 
especially valuable. The most sensitive technique appears to be 
chemical conversion to OH, which is then detected using 
laser-induced fluorescence, although further development is needed. 

6 . A fluorometric method involving aqueous phases appears capable of 
measuring tropospheric H 2 O 2 at useful levels of sensitivity and 
precision, and it has been successfully tested against diode laser 
absorption (which is much more species selective but less 
sensitive). Development of both techniques should be continued. 


INTRODUCTION 

The OH radical plays an indisputably major role in the chemistry of the 
troposphere. Reactions with OH are responsible for the removal of a wide 
variety of atmospheric species: CO, H 2 , many hydrocarbons, H 2 S, SO 2 , NH 3 , and 

several halocarbons. In the clean troposphere, OH is formed primarily via the 



reaction of 0(^D) with water vapor, where the oxygen is produced by photolysis 
of ozone by sunlight. It is removed mainly by reaction with carbon monoxide 
and methane. From considerations of these dominant photochemical steps, the 
general range of OH concentration in the clean troposphere can be estimated. 

It reaches maximum noontime levels of the order of 7 10^ molecules/cm^. 

Because of the importance of this radical, considerable effort has been 
devoted during the last decade to the development of means for its direct mea- 
surement in the clean troposphere. It was recognized at an early date that 
the technique of laser-induced fluorescence (LIF) possessed in principle the 
necessary sensitivity to detect such a minute concentration of the radical on 
small enough spatial and temporal scales to constitute tests of the photo- 
chemical mechanism. In the United States, much of this developmental effort 
has been devoted to LIF instruments. 

As progress was made and the instrumentation improved so that the detect- 
able levels of OH dropped below lO'/cm^, it became apparent that there were 
unanticipated problems with the measurements. These problems included the 
generation of OH by the probing laser itself and a large background signal due 
to unknown fluorescing species present as a gas or aerosol. This program 
culminated in a series of intercomparison measurements from a ground-based 
station in 1983 and from an aircraft platform in 1984. The basic conclusion 
from those tests was that this generation of instrumentation is incapable of 
reliable measurements of OH at the sensitivity and precision levels needed to 
test the fast photochemistry of the clean troposphere. It was deemed 
necessary to proceed further and look to new methods for the determination of 
the concentration of this key radical species. 

The objective of this workshop was to assess future directions for the 
measurement of the OH radical as well as other H^O species, that is, HO 2 and 
^2^2* questions addressed to the participants^were broad: What are the 

capabilities (levels of sensitivity, accuracy, precision, and dynamic range) 
of potential measurement methods? Are measurement results that have those 
characteristics and limitations really useful for furthering our understanding 
of tropospheric photochemistry? 

The major conclusions of the workshop were threefold. First, it was felt 
that laser-based methods now under development would be ready in 2 or 3 years 
to furnish reliable measurements of local OH concentration at the level of 
10 /cm . Second, measurements at this sensitivity and with the specified 
characteristics of precision, accuracy, and dynamic range would indeed form use- 
ful and interesting tests of the fast photochemistry. However, it is essential 
that the experiments be very carefully and properly designed in order to 
constitute a meaningful comparison. Third, long-term measurements of 
globally, seasonally averaged OH through the release of slowly reacting 
tracers would provide important trends over decade-long periods. Regionally 
averaged measurements through reactant release would also be desirable. The 
other Hj^Oy species were not considered in the same detail as was OH. That the 
measurement of HO 2 would be valuable was clear, and that it too should be 
measurable at appropriate concentration levels appears likely with at least 
one method. The species H 2 O 2 can be measured at the sub-ppb level with two 
very different methods. 
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In the following pages reasons for the measurement of OH and useful 
requirements on its precision are discussed. These discussions are followed 
by a description of the OH methods presented to the workshop participants, 
along with comments made during the workshop about each method. Considera- 
tions on HO2 and H2O2 are presented after -the discussion of OH techniques. 


OH MEASUREMENT REQUIREMENTS FOR TESTS OF FAST PHOTOCHEMISTRY 

We can at this time foresee the ability to make, within a 2 - or 3 -year 
time period, reliable measurements of the concentration of the OH radical at 
the lO^/cm^ level. Determination of the OH concentration is not a quantity of 
isolated importance; rather, the value lies in using it to establish and test 
our overall understanding of the fast photochemistry of the troposphere. We 
therefore need to consider in some detail the characteristics that such mea- 
surements must possess in order for them to provide information that is 
interesting and useful for this purpose. In this section we discuss such 
considerations that are evident from current models of tropospheric photo- 
chemistry. 


We think that we understand the major sources and sinks for OH in the 
free, clean troposphere and can calculate typical concentrations. Elementary 
considerations of the dominant photochemical cycles place definite constraints 
on the expected range of values. These are in good agreement (factors of 2 
or 3 ) with that scant experimental information that is available. Certainly 
the role that OH plays as the dominant oxidation pathway for many atmospheric 
constituents can be considered conclusive even in the absence of further 
measurements. We certainly do not expect to find surprises at the level of, 
say, tenfold disagreement between model and measurement, a level which would 
suggest necessary major revisions to our understanding of the photochemistry. 
There is thus no urgency to develop OH measurement instrumentation simply to 
confirm that it is present at concentrations near 10 ^/cm^. Rather, the issues 
to be addressed by measurements of the OH concentration are more subtle. They 
pose definite questions for and demands on both the measurement methods and 
the photochemical models. We address here useful levels of sensitivity, 
accuracy, precision, and dynamic range, the choice of appropriate experiments 
and measurement locales, concomitant determination of other species, and 
related issues. 


There are two very different types of measurements of OH concentration. 
The first, termed globally averaged OH, represents the radical concentration 
averaged seasonally, diurnally, and over a large spatial region. The other, 
called local measurement, is made over a short time scale (minutes) and a 
small spatial extent, at the most, tens of km. These measurements furnish 
quite different though complementary constraints upon the photochemical 
models, and we shall discuss them separately. 

Globally Averaged [OH] 

Estimates of the concentration of globally averaged OH have been gauged 
by analysis of the budget for methyl chloroform, CH3CCI3 (the budgets of 
CH2CI2, CH2CICH2CI and C2C1^ have also been used for this purpose). The 
CH3CCI3 is released into the atmosphere by human activity and is removed 
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primarily by reaction with OH. Its chemical lifetime is long, between 5 and 
10 years, so that its concentration reflects reaction with OH averaged 
seasonally and over the globe. Measurements of its concentration over a long 
period of time have been compared with model predictions, and agreement is 
achieved to within about a factor of 2. This difference may be ascribed to 
errors in the estimated release rates of the CH3CCI3 and uncertainties in the 
absolute calibration of its determination, as well as the uncertainties 
inherent in the model calculations of [OH]. 

Globally, seasonally averaged OH concentration measurements could also be 
made by the controlled release of known compounds that will be removed by 
reaction with tropospheric OH. As discussed below, there are several candi- 
date species for such an experiment; these could also involve the simultaneous 
release of an inert tracer to account for transport. The design of these and 
related regionally averaged measurements would benefit from the application of 
circulation models would suggest choices of conditions and locales. 

Ultimately, one might hope such methods to approach absolute accuracies of the 
order of 10 to 20 percent and relative precision near 1 percent. As seen 
below, this is well beyond the accuracy or precision which would be useful for 
tests of the models, due to uncertainties in various input parameters. New 
constraints beyond the current factor of 2 are not likely to be posed by the 
measurement of globally averaged [OH] for some time. 

Instead, the value of such experiments is most likely to come from a 
long-term program which measures, through some released reactant (and perhaps 
a coordinated tracer), changes in [OH] over a long period of time. Such 
trends, if observed over decades, would form an invaluable set of data. It 
would be complementary to long-term measurement of other minor species (e.g., 
CH^, and CO), and would help place further constraints on trends in the 
concentrations of those species whose source terms may be difficult to 
quantify. 

Measurements on a regional basis could also be made through the con- 
trolled release of compounds with a shorter chemical lifetime for reaction 
with OH. Here, the spatial scales over which the concentrations are averaged 
would be selected by proper choice of reaction rate and meteorological 
conditions. 


Local [OH] Requirements 

We now turn to questions of the importance of local OH measurements as 
tests of our understanding (through models) of the fast photochemistry of the 
troposphere. Because of the rapid time scale (about 1 sec) on which OH is 
produced and removed, it can respond to the variation in other controlling 
parameters. This means that OH is the only observable variable for which all 
the sink and source terms exist within the atmosphere itself. Its concentra- 
tion thus forms a key and unique test of our understanding of that fast photo- 
chemistry. The approach begins with (the presumably available) measurements 
of the other important parameters, such as concentrations of O3, H2O, NO, CO, 
and CH^, and the value of Jj, the photolysis rate for ozone. From these may 
be calculated local, instantaneous concentrations of OH for comparison with 
measurement. 
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By ”local" measurements for OH, we must consider at the present time only 
laser-based techniques. Whereas it would be desirable to have a non-laser 
method available as well, it appears that none will be made operational in the 
next 3 years. Tn the current and proposed LIF methods, the actual volume probed 
has length scales of a few cm; in the long-path laser absorption, distances 
of the order of km are averaged. However, each such measurement involves 
a temporal average as well, and this aspect must be considered as part 
of the spatial average. In the case of the aircraft-borne LIF measurements, 
the typical 10 or 20 min averaging time corresponds to a spatial integration 
over several tens of km. For the ground-based measurements, the effective 
sampled volume during the time of the measurement depends on the wind velocity 
during the experiment. These averaging considerations have important 
implications concerning fluctuations in other variables during the period of 
the OH measurement, as will be discussed later. 

When considered as a test of the photochemistry, the necessary accuracy 
and precision of a measurement of [OH] sensibly corresponds to, or is somewhat 
better than, that attainable in the model calculation itself. To make mea- 
surements of much higher accuracy or precision would not be worth the effort. 

To estimate the capabilities of the model calculations, consider a simple 
expression for the OH concentration as given by the balance between the major 
production and loss rates in the free, clean troposphere: 


[OH] = 


kjJj[03] [H2O] 

k2 [W 


( 1 ) 


Here, the major removal pathways , with rate constants k 2 and ko, respectively, 
are reactions with CO and CH^. The production reaction, 0(^D) + H 2 O, has the 
rate constant kj. There exists uncertainty in knowledge of each of these rate 
constants and the relationship (absorption coefficient and dissociative 
quantum yield) of Jj to the actual solar intensity. Values can be taken from 
the NASA-recommended-rate constant compilation. Considering only these errors 
in the input parameters to this simple model, one can quickly estimate that 
the uncertainty in the absolute concentration of OH is approximately the same 
as the concentration itself. This does not include any possible measurement 
uncertainties in the other variables (concentrations and solar intensity) 
which must be determined simultaneously. Consequently, agreement of absolute 
concentration between measurement and calculation is not to be sought beyond 
this factor of 2 at the present time. 

How much better might we be able to do in the future? Again considering 
only the simple (but dominant) pathways expressed in Eq. (1), it is unlikely 
that lab measurements will reduce the aggregate uncertainty in the kinetic 
parameters much below 50 percent. If this is the case, one would then like to 
have measurements with an accuracy capability of 30 to 50 percent. With 
properly calibrated methods, this appears to be a limit that can be attained 
(but not likely much exceeded) with future Instruments. 

We may contrast this 30 to 50 percent level of accuracy with the value of 
10 percent called for in many early OH detection planning documents. Measure- 
ments at that higher level of accuracy can probably not be achieved. It is a 
level at which one must seriously address questions of calibration, plus 
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uncertainties in fundamental parameters such as the OH absorption coefficient 
and enthalpy of formation. If a 10 percent level were truly necessary for any 
meaningful comparison with photochemical models, then attempts to measure OH 
concentrations would not be worthwhile. Fortunately, the apparently attain- 
able levels of accuracy do provide useful tests of the theories. 

Questions of precision and dynamic range are perhaps even more important 
at the present time than those of accuracy. Even in the face of inaccuracies 
in the available rate constants, both model and measurement should be able to 
follow certain changes in a single variable (e.g., [H 2 O]) to considerably 
better than 50 percent, in a well-designed experiment. Precision over the 
time scales of such changes should be better than 30 percent to achieve 
meaningful comparison with the photochemical models. 

With OH sensitivities at 1 to 2 x 10^/cm^, one should be able to make 
interesting and useful tests of the models of the fast photochemistry. These 
sensitivities demand signal-to-noise ratios of at least a factor of 3, 
corresponding to the 30 percent precision, and an absolute accuracy of a 
factor of 2 or better. It is not necessary to have measurements available at 
the 10^/cm^ level to provide useful tests. The necessity for an OH instrument 
that is capable of operation at that sensitivity level means that one will 
then have reliable, routine operation at the needed 1 to 2 x 10 ^/cm^ level 
where useful tests are possible. 

Under these conditions, disagreement between measurement and calculation 
at the factor of 3 level would likely signal a significant omission in our 
understanding of tropospheric photochemistry, i.e., we would suspect that some 
major reaction or sequence has been omitted. As noted, this seems unlikely in 
the free troposphere but it may be the case in a more polluted environment. 

At the 50-percent level of disagreement, one can begin to inquire into the 
need to adjust one or more of the parameters in the model as well as minor 
alterations in the mechanism. Measurements of sufficient precision under 
varying conditions may then permit the needed adjustment to be found. 

We consider an example of concerns about accuracy and precision together 
with the need to design the testing experiments carefully. It has been sug- 
gested that not all of the OH loss rate in the clean, free troposphere can be 
accounted for by reaction with just CO and CH^. Possible discrepancies of the 
order of 30 percent recur using the best available inputs to the models. 

Prime candidates for the remainder of this loss rate are nonmethane hydro- 
carbons including oxygenated species such as CH^OOH. (In the clean, marine 
troposphere one can find regions of low nonmethane hydrocarbons but such 
species as raethylhydroperoxide may be widespread around the globe.) Simply 
comparing absolute [OH] measurements with those calculated using the best 
model of the fast photochemistry will not answer the question of a potential 
30 percent discrepancy in the loss rate, due to the inaccuracies in the rate 
constants as noted above. An experiment comparing a region of high CH^OOH 
with one of lower value (e.g., one with more NO) could help address these 
issues, if the chemistry in the environment with higher NO were known well 
enough. This of course necessitates good concomitant determination of 
[CH 3 OOH] as well as other variables. Direct laboratory determinations of the 
pertinent rate constant will be of considerable value here as well. 


7 



In the relatively clean troposphere, the OH concentration is often 
buffered. That is, changes in the variables controlling [OH] often offset one 
another in their effect on this radical's concentration. For example, when NO 
is present at low concentrations (<5 ppt), the dominant production and loss 
rates are those given in Eq. (1), leading to OH typically 2 to 3 x lO^/cm^ for 
a daytime mid-latitude, spring or fall maximum. Under conditions where NO is 
tenfold higher, the net rate of the OH + N0£ = HO 2 + NO reaction is reversed, 
and it then plays a major role in recycling the OH. Nonetheless, the OH con- 
centration remains much the same as for very low [NO]. It would thus be of 
considerable value to compare measured [OH] for a variety of conditions. An 
example is the CH^OOH issue discussed earlier. Here, the basic experimental 
issue remains precision, not accuracy, although the time scales of the 
experiments must be taken into account. For example, it may not be possible 
to make a comparison of regions of usefully varying NO^^ except on different 
flights or very different temporal segments of the same flight. This may 
require maintaining that same relative precision over a long period of time. 
Here the experimenters must address Issues of calibration: How well does the 

instrument remain calibrated over a given time period, and how often does one 
need to recalibrate to achieve the desired precision? 

It was considered desirable by the workshop participants that a simple 
means of checking the agreement between the model and a given measurement 
should be devised. That is, one would wish to have some particular set of 
conditions in which knowledge of the photochemistry or its variation with some 
parameter could yield firm values for comparison with experiment. 
Unfortunately, consideration of the uncertainties in the kinetic parameters 
entering into Eq. (1) suggests that this cannot be established at a meaningful 
level of accuracy. Possibly, a measurement of the concentration of HO 2 
simultaneously with OH under certain conditions would form such a check; 
however, establishing this possibility requires numerical experiments with the 
photochemical models. 

The diurnal variation of [OH] is often exhibited as a sign of agreement 
between measurement and theory. The rapid response of OH to changes in its 
photochemical environment leads to a quick and precipitous drop in concentra- 
tion upon sunset. In the clean troposphere, nighttime values of [OH] are in 
the neighborhood of 10^/cm^, well below anticipated sensitivities of next- 
generation Instruments. (The situation is quite different in a polluted atmo- 
sphere, where reactions involving hydrocarbons can maintain the OH concentra- 
tion near the 10^ level without a photolysis source.) Because the value in 
the clean environment is so low, however, the nighttime disappearance of OH 
signal from a monitoring experiment cannot be considered agreement between 
model and measurement. Rather, the decrease with lack of solar flux is so 
well established theoretically that an experimentally observed diurnal varia- 
tion must be taken merely as setting a baseline for the measurement method. 
Thus observation of such a diurnal variation does not constitute success for 
the photochemical theories, but instead furnishes the important confirmation 
that the detection method is not plagued by unknown background problems. 

Fluctuations in Variables Controlling [OH] 

In all of the proposed "local" laser-based methods, signal levels for OH 
are so low as to require considerable averaging time. Periods of the order of 
10 min are generally considered, with 1 min being a lower limit. This is much 
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longer (at least a factor of 100) than the response time of OH to changes in 
its photochemical environment# This can have significant consequences for any 
comparison of monitoring results with predictions from the photochemical 
theories. 

Clearly there is some loss of information inherent in this averaging, 
compared with a fully time-resolved experiment in which the OH could be 
observed to instantaneously respond to its photochemical environment# Such a 
penultimate experiment would require measurements of all variables on a 0.1 to 
0.3 sec time scale, difficult if not impossible at the required sensitivity 
(especially OH itself). That one loses some information in the averaging is 
not so important as the fact that it must be taken into account for a proper 
quantitative comparison between model and measurement. Failure to do so could 
severely degrade the already limited accuracy and precision available in the 
comparison. 

Consider Eq. (1). The instantaneous (1 sec time scale) OH production 
rate is determined by the product of three atmospheric variables: the con- 

centrations of ozone and water vapor, and the photolysis rate. Suppose these 
were to vary together in some partially correlated way on that same 1 sec time 
scale. Then the average OH production rate over a 10 min measurement time 
scale would not be given by the product of the average of each of those vari- 
ables over that time period. That is, 


Jl [03][H20] [O3] [H2O] 


Similar considerations of course hold for the removal rate and thus for the 
net OH concentration measured over the longer time interval. 

How does one quantitatively account for this averaging inherent in the 
monitoring experiments? To do so properly would require a measurement of each 
atmospheric variable entering into the OH calculation on the same 1 sec time 
scale which is the OH chemical lifetime. The kinetic model would then need to 
be run to compute the average OH value during the corresponding measurement 
period. 

These questions were raised at the workshop in conjunction with the 
spatial averages in the long-path absorption measurements as well as the 
combined spatial/temporal averages found in the aircraft-borne LIF tech- 
nique. They have been explored only recently in a quantitative fashion, 
through computational experiments performed at Georgia Institute of Technology 
using simple fast photochemical models. Data for the variations of O 3 , CO, 
and H 2 O were taken from CITE-I aircraft measurements (they were not performed 
simultaneously with OH determinations, however). These values, with about a 
1 -min time resolution, may be considered as exemplary changes on such a time 
scale. The values were then used as the input data to the model to calculate 
the time-dependent, instantaneous value of [OH]. This was then averaged over 
a 10 min time period and compared to the value of the OH concentration 
calculated from the averaged values of the atmospheric variables. It was 
found that disagreement as large as 50 percent could arise over the typical 
lO-min measurement period. 
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Spatial and temporal variations can be equivalent depending on the 
measurement method. In some recent flights from the Atlantic bounday-layer 
experiment (ABLE), horizontal striations of O 3 were found to exist on a 
distance scale of a few hundred meters and were possibly present on a much 
smaller scale. 

Another instance of such concerns can be seen in the measurements of OH 
and other variables in some of the KFA-Julich long-path absorption experi- 
ments. In particular, the value of the concentration of NO 2 was measured in 
absorption in the visible along the same absorption path (several km in 
length) used for OH. During several runs, [NO 2 ] was measured at one end of 
the path using a chemiluminescent sensor. The values, in the 1 to 10 ppb 
range, are not always in agreement. In the most extreme cases, the absorption 
values ranged between one-half to three times as large as those determined by 
chemiluminescence. One can reasonably conclude that conditions vary along the 
path of OH measurement and that supporting measurements made at one location 
are not sufficient for calculating values of [OH] for comparison. 

This has important consequences for the design of an experiment and the 
use of its results. Comparison with any of the models of the fast photo- 
chemistry requires measurement of the other variables entering into the 
determination of [OH]. It is thus clear that these must be measured with 
rapid time response under any possible conditions where they may vary during 
the OH chemical lifetime. This may of course not be possible under all sets 
of conditions. Calculational experiments that cover a wide range of possible 
variation in those variables need to be performed. These experiments will 
give limits on the error introduced by any necessary averaging. For a given 
set of possible conditions, the models could be used to help assess which 
variables should be monitored on particular time scales and which need less 
attention. 

Both the long-path absorption and the LIF ground-based measurements must 
be similarly assessed for the spatial averaging that also occurs. In the case 
of the long-path absorption, the quantity determined is an OH concentration 
averaged along that path and over the measurement period. As noted earlier, 
the supporting measurements of the other variables are probably impossible to 
determine with the same spatial variability; it is more likely that they are 
measured at some point near one end of the path. The choice of experimental 
setup may well dictate measurements in which the optical path for the laser 
beam is in the same direction as the wind velocity during the measurement 
period in order to render such averaging more tractable. Similarly, the 
polntwise ground-based LIF measurements must have supporting data taken over 
the same temporal and spatial locations. It remains important to explore 
possible variabilities using calculational experiments with realistic if 
exemplary input data. 

The entire question of supporting measurements is a crucial one. At 
best, there exist uncertainties in other input data to the photochemical 
model, such as simultaneous determination of solar flux or H 2 O. In many 
cases, average or typical values must be assumed for such variables. These 
can be very different from the particular values present during a measurement, 
even without accounting for rapid (1 sec) time variations. Unless these other 
variables can be simultaneously determined with good accuracy, comparison 
between model predictions and measurements of the OH concentration are 
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rendered much less precise than the factor of 2 produced by the uncertainties 
in the kinetic parameters. For example, measurements of H2O have often been 
carried out by imprecise and unreliable humidity indicators. Needed is a 
reliable instrument such as the Lyman-alpha photodissociation technique that 
is often used in stratospheric measurements. Also, the solar flux is often 
simply estimated for the time of day and year and the latitude rather than 
taken from an actual measurement. It is simply not worthwhile to expend 
considerable effort on a determination of the OH concentration without sup- 
porting measurements that render a comparison with the photochemical models 
meaningful. Quantitative comparison with past measurements has often been 
rendered quite uncertain due to the lack of such supporting data; even so, it 
has been necessary for the modelers to proceed with comparisons, given the 
paucity of data of any kind. For OH to serve as the key test, the most 
crucial supporting data are for (attenuated) solar flux and water concentra- 
tion, although other measurements would be valuable as well. For example, 
measurements of NO and NO2 are not only important as input to the OH calcula- 
tion but also are of value themselves. The use of piecemeal supporting mea- 
surements, that is, determining only a few variables is not cost effective. 

Model Use in Experiment Design 

Predictions from models of fast photochemistry in the troposphere should 
be considered well in advance of the ultimate comparison with experimentally 
determined variables, in order to properly design the experimental measure- 
ments to be made. This can occur in two identifiable ways. The first of 
these, discussed earlier, is to compare temporally and spatially averaged 
quantities with those measured under normally fluctuating conditions. The 
question to be addressed here is the degree of temporal and spatial resolution 
which must be maintained in the determination of the variables that control 
the test quantity, [OH]. At Georgia Institute of Technology, the modelling 
runs indicated that the variations in the quantities [O3] and [H2O] did affect 
the OH concentrations. A much larger round of computer experiments which 
cover a range of potential conditions will determine the precision and 
resolution with which those variables need be determined. The level of 
accuracy introduced into the measured [OH] can then be assessed. These 
computer experiments should address the following question: What set of 

supporting data (including temporal and spatial resolution) is needed to 
achieve meaningful comparison of [OH]? The comparisons considered are both 
among different measurement methods and between model predictions and a given 
measurement. 

The other way in which the models can be used is an extension of this, in 
the choice of conditions and sites. At a higher level of computational 
experiment, these two aspects can be combined. We next consider the varying 
sites and conditions where OH may be determined. 

A range of environments exists in which useful measurements of OH can be 
made. These may be classified beginning with the simplest photochemical 
system present in the clean, free troposphere, such as the system encountered 
for out over the ocean. Here, the OH concentration is determined by the local 
concentrations of O3 and H2O, which need to be measured along with the solar 
flux. In this system, one is far from sources of CO or CH^. Methane may be 
taken safely as constant at its globally averaged value. An independent, 
simultaneous measurement of CO needs be made. In such an environment, NO^ 
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should be at a low enough level to play a minor role in the determination of 
the OH concentration (it should, however, also be determined to ensure it is 
low enough). This simple environment then forms a baseline system for a test 
of the major photolysis formation route and major chemical removal routes. 
Here, at the 30-percent OH removal-rate level, lie questions concerning the 
role on nonraethane hydrocarbons Including methyl hydroperoxide as a possible 
major reactant, as noted earlier. 

More promising comparisons may be possible when one compares OH concen- 
trations measured under known variations in other conditions. The photo- 
chemical models could be used to significant advantage to help design such 
experiments. For example, one could conceive of a flight into a tropospheric 
fold, where both 0^ and NO are high, compared with the situation in the 
atmosphere immediately below. Another potentially useful comparison might be 
to fly into the plume behind the anvil of a thundercloud, where there may 
exist high concentrations of NO due to formation by lightning, (Here one 
wishes to avoid the cloud itself where heterogeneous chemistry on the water 
droplets may complicate the chemistry as well as the detection methods,) 

Other environments that are less clean can also be the basis for OH 
measurements that are the basis for evaluating the understanding of OH photo- 
chemistry, In a stepwise fashion, these measurements would first be taken in 
locales in which moderate levels of NO^ exist, then in locales in which hydro- 
carbons but not NO^ are present (perhaps impossible to find), and finally in 
locales in which both hydrocarbons and NO^ are found to occur. In order to 
maintain tests of the pertinent photochemistry on any meaningful basis, how- 
ever, the measurements must be made in relatively clean locales. The 
appropriate chemical mechanism must be limited enough that there is not a 
large degree of additional uncertainty introduced by errors in other rate 
constants. 

Selection of measurement stations should involve the use of the photo- 
chemical models together with supporting data on levels of the relevant atmo- 
spheric species. As discussed below, it is desirable to first test the OH 
instruments themselves at a ground-based station where there exist relatively 
high levels of the radical. Once the measurement techniques are established, 
experiments can commence to test the model predictions. During this time in 
which the methods are established as reliable, selection of ground-based sites 
with proper supporting data and simple enough photochemistry can be chosen 
with the aid of the models. Calculations to determine the time response of 
supporting instruments, thus addressing the fluctuations/averaging issues, can 
be performed. Ultimately, one would like to select a range of environments 
within the troposphere, with varying amounts of NO^ and hydrocarbons, A 
single measurement site is too limited in the changes of environment it 
offers to serve as a good test of the fast photochemistry. In addition, 
measurement at different altitudes will be valuable: near the surface, in the 

boundary layer, in the free troposphere, and through the tropospause fold. 

Such measurements can only be performed by airplane, of course, and, in the 
laser-based category, they are limited at present to the LIF methods. The 
long-path absorption technique, offering simplicity in analysis for the OH 
concentration, is restricted to ground-based stations. Supporting data on 
other atmospheric species, plus calculations with the models, should be used 
to choose the sites for setting up such experiments. 


12 


The models are also needed in the design of nonlaser determinations of 
[OH]. Discussed here is the use of released chemical species that react with 
OH on varying time scales and provide "regionally averaged" OH concentration 
information. The distance scales contemplated are lOs, lOOs or perhaps lOOOs 
of km in different experiments, between the local and globally averaged 
values. Several possible candidate molecules have been mentioned but no 
choices made. Here, the photochemical models as well as regional transport 
considerations are crucial in the choice of sites for release and measurement 
as well as assessment of errors introduced by averaging over several atmo- 
spheric variables. These models will be used to determine the regions over 
which [OH] is averaged and the need for supporting data over a regional scale. 
Also described herein is an experiment in which C2D^ is released into the 
troposphere at regular intervals; the objective is to determine long-term 
trends in globally averaged [OH]. Here, a three-dimensional global circula- 
tion model would be used to explore the expected variability and trends and to 
aid in the design of the experiment. 

The HO2 radical has a chemical lifetime 2 orders of magnitude longer than 
that of OH, l.e., about 2 min. Consequently, it does not respond as rapidly 
as does OH to changes in other atmospheric variables, and it forms a signifi- 
cantly less valuable test of fast tropospheric photochemistry. Nonetheless it 
was agreed that its measurement would also be valuable. Of potentially con- 
siderable interest might be the ratio, [0H]/[H02]> under certain differing 
atmospheric conditions. However, establishing that this ratio really is 
valuable requires numerical experimentation with the photochemical models. 

A question also worth computational exploration concerns the averaging 
time needed for OH (and HO2 as well). If OH can be measured only over a 
10 -min time average, does its averaged concentration over that time period 
yield any better information than would a measurement of the average value of 
HO2 over the same period? It may not, despite the fact that the HO2 radical 
does have a much longer chemical lifetime. Were HO2 able to be measured with 
higher accuracy and/or precision, its measurement then could be preferable. 

The answer to the value of time averaged [OH] and [HO2] measurements requires 
performing the necessary calculations with exemplary values for fluctuating 
concentrations of the pertinent atmospheric variables. 


OVERVIEW OF PROPOSED H^^Oy MEASUREMENT METHODS 

The first portion of the workshop was spent discussing measurement re- 
quirements for the OH radical (and other H^O species) Indicated by needs to 
test models of fast tropospheric photochemistry, as detailed in the preceding 
sections . 

A brief description of the previous measurement efforts was also given. 
These experiments culminated in the CITE-I flights, in which three OH measure- 
ment techniques were intercompared. They were the Ford LIF Ildar, the Georgia 
Tech in situ LIF, and the Washington State ^^CO decay. The data from these 
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flights were reviewed in the summer of 1984. That assessment » led to two key 
conclusions. The first conclusion was that these methods were incapable of 
making OH concentration measurements in the clean troposphere with the 
necessary sensitivity and precision. The sensitivity had been outlined to the 
review panel as 10^ molecules per cm*^. The more careful consideration of the 
real needs for testing the photochemical models described above leaves the 
second conclusion intact: We must proceed to a new generation of OH instru- 

ments to make such measurements on a confident, reliable, and routine basis. 

During the next series of workshop sessions, a variety of measurement 
methods for OH, HO 2 and H 2 O 2 were presented to the workshop participants for 
discussion and evaluation. These presentations were in the form of short 
written descriptions accompanied by brief (15 minute) oral presentations. In 
the latter, each principal investigator was requested to identify the chief 
technical hurdles which must be overcome for that method to operate at the 
projected characteristics of sensitivity and precision. The various methods 
were then considered by the workshop participants within the context of the 
measurement needs discussed earlier. 


The methods discussed are here divided into three categories for discus- 
sion. The first set is the laser-based methods of measurement of OH; all of 
these are based on either absorption or LIF and operate on a local basis. The 
second group consists of chemical methods of determining OH concentrations; 
these can work on a global or regional basis depending on the chemical life- 
time of the reacting molecule chosen. Finally, methods for determination of 
HO 2 and H 2 O 2 , which were discussed less fully during the workshop, are 
described. 


Most of the methods presented at the workshop have been described in 
detail before. In particular, the report from the 1982 workshop on 
measurements'^ contains full descriptions of the laser-based methods . Included 
in that document are appendices on the pertinent spectroscopic and collisional 
dynamic considerations, plus a careful delineation of the analysis used to 
extract OH concentrations from the measured signals for each of the methods 
used in the CITE comparisons. Descriptions of the nonlaser techniques for OH 
determinations are also given in that report, although in considerably less 
detail. In many cases, the methods are also described in journal publica- 
tions. Accordingly, we do not repeat here detailed descriptions of each 
method. The one-page summaries (which in many cases contain one or two 
references) are included as part of this report together with comments from 
the workshop participants. These shall constitute the essential description of 
each method for the present purpose. 


In the next sections, we summarize the overall conclusions concerning 


H^Oy measurement techniques. 

^J. M. Hoell; G. L. Gregory; M. A. Carroll; M. McFarland; B. A. Ridley; 

D. D. Davis; J. Bradshaw; M. 0. Rodgers; A. L. Torres; G. W. Sachse; 

G. F. Hill; E. P. Condon; R. A. Rasmussen; M. C. Campbell; J. C. Farmer; 

J. C. Sheppard; C. C. Wang; and L. I. Davis: "An Intercomparison of Carbon 

Monoxide, Nitric Oxide, and Hydroxyl Measurement Techniques: Overview of Results," 

Geophys. Res. 11819-11825 (1984). 

^Special section on GTE/CITE-I, J. Geophys. Res. 90 , No. D7 , 20 December 1985. 

J. M. Hoell, Ed., "Assessment of Techniques for Measuring Tropospheric H 0 ," 

NASA Conference Publication 2332, 1984. ^ ^ 
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OH Measurement Methods 


Overall Conclusions and Summary Six research groups presented methods for 
laser-based measurements (absorption and LIF) of the OH radical, and three 
groups discussed chemical means of determining its concentration. 

The workshop participants reached three major conclusions concerning 
these methods. First, two of the laser-based techniques are fix ready for 
collaborative/intercomparative tests and measurements, and a third should be 
available in 2 or 3 years at most. In each case, the operating character- 
istics needed for testing fast photochemical models of the troposphere appear 
achievable. Second, it would be highly desirable to have a local, nonlaser- 
based method available for comparison. No candidate techniques, however, 
appear to be at the stage of readiness in the same 2- or 3-year time frame. 
Third, intercomparison between methods is crucial to obtaining believable, 
meaningful results on OH concentrations. Intercomparisons should be continued 
as part of the developmental effort but should be preceded by planned 
collaboration and comparison among the investigating teams, making measure- 
ments at the same site but not on a blind basis. In this context, it is 
important to make sure the methods are field worthy in ground-based operation 
before testing them on aircraft platforms. 

Local measurements of [OH] were presented by two groups, each of which 
used a laser-based method. These measurements were performed in a dirty 
atmosphere rather than in the clean tropospheric regions in which the tests of 
fast photochemistry will need to take place. The long-path absorption 
measurements were performed in Julich (KFA) and the low-pressure LIF 
measurements were performed in Portland (PSU). These results clearly 
indicated that each method had a potential at least close to that desired for 
OH measurements at the combination of sensitivity, precision, accuracy, and 
dynamic range which would constitute meaningful tests of the fast photo- 
chemical models in the clean troposphere. It appears that this potential 
should be realizable soon. Both methods should be tested at the same location 
when a suitable site can be chosen. This site should be a relatively clean 
environment but with a high enough OH concentration to be measurable. 

It would be useful to have a third method available for comparison with 
the long-path absorption and the low-pressure methods. At this time, it 
appears that the only other possible candidate technique available within the 
next 2 or 3 years is the two-photon LIF method developed at Georgia Institute 
of Technology (GaT). The two-photon LIF method for OH has been demonstrated 
only in a laboratory environment and not yet in a field apparatus; however, 
its potential appears quite good. 

It would be even more desirable to have available a nonlaser method for 
measurement of OH concentrations . An important requirement here is that such 
a method should be quite different from the laser-based ones. Then, agreement 
or disagreement could signal serious deficiencies which might be hidden in a 
comparison of similar methods (i.e., three all based on spectroscopic tech- 
niques). Several possible methods for determining OH by the rate of decay of 
various chemicals injected into the troposphere were discussed. Unfortu- 
nately, none of these appears to be at a stage at which reliable measurements 
can be made in the same 2- or 3-year time frame as expected for the laser- 
based methods. In no case has the best reactant(s) for measurement been 
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selected. For use as a comparison, one must very carefully understand the 
spatial and temporal scales covered, Including the issues connected with 
fluctuations in other controlling variables. Here, considerable exploratory 
work with the chemical models needs to be performed. 

The CITE intercomparisons between the Ford lidar and Georgia Institute of 
Technology in situ LIF methods were invaluable in establishing that neither of 
those two methods could perform routinely and reliably at the levels needed 
for testing fast photochemical models in the clean troposphere. Such inter- 
comparisons should be maintained as part of the OH development/measurement 
program, with sites carefully selected to have measurable levels of OH within 
the proper range for model testing. Such blind intercomparisons will consti- 
tute the only really convincing evidence that OH can be measured well at the 
10^/cm’^ level. They should, however, be preceded by collaborative 
intercomparisons in which results are freely compared among the investigating 
teams. This sort of collaboration will uncover problems with each instrument 
and likely improve all of the detection methods. Ground-based testing should 
be thorough and complete before any aircraft-borne instrumentation is 
compared. In all cases, for both collaborative and blind intercomparisons, 
the results should be included in a report that is communicated to the 
scientific community by publications and conference/workshop presentations, 

Laser-Based Local Measurements of OH ,- In this category fall several methods 
as described below. At the present time two types of measurements have been 
reported from field tests: the KFA long-path absorption and the PSU low- 
pressure LIF. Results from each of these were presented at the workshop, and 
they provide evidence convincing to the conference participants that OH can be 
measured in the troposphere at concentration levels in the 1 to 10 x lO^/cm"^ 
range. Those measurements, however, were performed in environments which were 
significantly dirtier than the regions of the clean troposphere in which the 
tests of fast photochemisty must begin. It is important that both apparatuses 
be moved from their current respective locations to a more suitable environ- 
ment. Both methods should be tested together when a suitable site can be 
chosen; that site should have reasonably high levels of OH and the potential 
for gradients in the concentration. In approximately a 2-year time frame, it 
is expected that the GaT two-photon LIF method will also become available for 
field testing and use. When it is, it should be added to the collaborative 
intercomparison sequence. The fact that three methods can be used for OH 
determination at the same time and place should yield much more confidence 
than the use of simply two methods. It does not appear that other laser-based 
methods (the Jet Propulsion Laboratory lidar, the SRI International frequency 
modulation absorption, or the Ford Motor Company low-pressure/fra techniques) 
will be ready to be added to this group within the same time frame. 

These three available methods (KFA, PSU, and GaT) operate on signifi- 
cantly different enough principles that they can readily be taken as indepen- 
dent measurement techniques, even though each is laser based. In the case of 
the long-path absorption, the only information needed for the data analysis is 
knowledge of the line oscillator strengths for OH. These parameters, known to 
about 3 percent, are also part of the expected error in any of the spectro- 
scopic measurements of the radical. All of the uncertainty in the long-path 
absorption comes from the ease with which the absorption line can be 
associated with the OH radical alone, uncontaminated by interfering absorption 
from other species present in the measurement path. Past experiments have 
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identified CH2O and SO2 as absorbers in this spectral region which can be 
present in the atmosphere in sufficient quantity to interfere with accurate 
measurement. However, in a cleaner environment, such as the ones that will be 
selected for tests of the photochemistry, these absorbers are not expected to 
be as much of a problem. 

By contrast, the LIF-based methods require significantly more information 
for a prima facie data analysis or a calibration by some chemically modulated 
method. In both the PSU and GaT devices, such calibration methods are 
included. The former method uses the decay of mesitylene in a photochemical 
environment contained in a Teflon bag; the latter method relies on production 
of OH through photolysis of O3 and reaction with H2O, or photolysis of H2O2. 
While the chemical steps involved in each of these cycles bear further study, 
they appear to be reliable at a level of accuracy (perhaps 20 percent) which 
should be quite sufficient for the intercomparison tests. In the comparison 
of the Ford Ildar and GaT in situ methods in CITE-I, it was found important to 
seek correlations between the results obtained by the two methods on the same 
flights. This is in contrast to seeking agreement between absolute values of 
[OH] in each determination. The reason is that differing calibration methods 
can produce different absolute values, even when each method may be deter- 
mining OH in a precise manner. 

Because of its dependence only on oscillator strength to determine a 
path-averaged [OH], the long-path absorption is often viewed as being more of 
a primary technique against which other techniques should be compared. There 
are two Important caveats here: the level of interference and the averaging 

considerations. In the first instance, the interfering absorptions must be 
confidently taken into account; this appears possible in a relatively clean 
environment but it may be necessary to obtain simultaneous. Independent deter- 
minations of the potential interfering quantities. Measurements with more 
than one OH line could help significantly in this regard. 

Second, for purposes of intercomparison, it is crucial that the long-path 
absorption sample be from the same OH distribution, in space and in time, as 
is the LIF method. Fluctuations in quantities of the variables determining 
OH, as discussed, could render such a comparison meaningless by unknown but 
perhaps large factors. Gradients in OH along the path could render the 
average value of little use. Numerical experiments with the models and the 
consideration of appropriate meteorological information are needed to assess 
the actual discrepancies which can arise under typical measurement condi- 
tions. On one hand, it may turn out that appropriately comparable averages 
can be determined under many conditions. On the other hand, it may be that 
these intercomparison experiments need to be designed extremely carefully in 
order to avoid such problems. The answer to these questions cannot be known 
without computational tests. 

The long-path absorption technique is clearly not applicable to aircraft 
measurements. For those measurements, one must use one of the LIF methods and 
must consider the techniques that will probably be available soon. Of the LIF 
methods, only a different version of the two-photon LIF method has been flight- 
tested; it is not known if new problems will be encountered in trying to mount 
the low-pressure LIF system on an airplane. 
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Other laser-based methods are significantly further from being field- 
worthy instruments than the three methods discussed thus far. These other 
laser-based methods include an XeCl-laser pumped Ildar device (JPL), a 
frequency modulation absorption method (SRI), and a low-pressure LIF/fm system 
(Ford). The JPL experiment will depend on the existence of a very specialized 
(and expensive) etalon to separate the laser light scatter from the fluores- 
cence occurring in the same (0,0) vibrational band as pumped. The frequency 
modulation absorption method (also pertinent to infrared measurements of othej 
H^Oy species) has as yet only been demonstrated at the laboratory level of 10 
absorption; for actual measurements of tropospheric OH, a field instrument 
capable of operation at 10“^ detectable absorption will be necessary. The 
Ford concept, which Includes both operation at low pressure as in the PSU 
system as well as frequency modulation to detect absorption in ambient OH, has 
also yet to be assembled as a laboratory instrument. The workshop partic- 
ipants encouraged continued development of these methods for OH although the 
current expectations are that the three aforementioned techniques (KFA, PSU, 
and GaT) will form the basic three intercompared methods over the next 2- or 
3-year time period. 

Intercomparisons and Calibration .- OH measurement instrumentation had been 
under development for nearly a decade preceding the CITE-I tests of 1983 and 
1984. During that period, measurements of OH in the troposphere had been 
reported by each of the three major groups making local measurements, one from 
Ford (LIF lidar), one from Georgia Tech (in situ LIF), and one from Washington 
State (^^CO decay). However, no two of the three had ever been tested at the 
same location and same time. For the OH instrumentation, the major objective of 
the CITE tests was a blind intercomparison using the three methods. It was 
necessary to measure ambient levels of OH present at the site of and during 
the time of the experiments. (It should be noted that a separate Intercompar- 
ison study during CITE-I was made for NO instrumentation. It showed excellent 
agreement among three experimental methods.) 

Several difficulties were encountered during the CITE evaluation. The 
ground-based tests were performed at Wallops Island, Virginia, in the fall of 
1983. Here, the ^^CO experiment failed to operate, and no statistically 
significant measurements were reported by the Ford lidar group. Although some 
measurements were reported by the Georgia Tech group, no comparison could be 
made with the other methods. During the flight operations, carried out in the 
spring of 1984, the ^CO method again failed to produce any data. This time 
the lidar and in situ LIF methods did operate simultaneously, in eight 
separate daytime flights. 

Due to the low levels of anticipated OH concentration, it was necessary 
that these data be carefully compared. The panel reviewing the data chose to 
look at the correlation between the results from the two LIF methods, conclud- 
ing that a statistically significant correlation could not be achieved. This 
meant that the two LIF-based methods were not sampling OH from the same dis- 
tribution, i.e., one or both were not measuring actual OH concentrations. 
Additionally, the signal-to-noise ratio was poor enough that neither method 
furnished reliable enough data to be useful for tests of tropospheric photo- 
chemistry, in the context just described. Reaching such a conclusion would 
not have been possible without the intercomparison study. At a given time, it 
is not known how much OH was present in the atmosphere within the measurement 
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uncertainties that existed. Only by attempting such a correlation was it 
possible to make the judgment that at least one of the methods was failing to 
detect OH. In this way the Intercomparison can be considered an important 
success and a significant milestone in tropospheric OH detection development. 

That Intercomparison is a valuable part of any OH measurement program was 
unanimously felt by the workshop participants. Because OH cannot be provided 
by means of a calibrated source, together with the fact that all of the detec- 
tion schemes will operate near the limits of their sensitivity, this remains 
the only way to ensure that each method is properly detecting a signal propor- 
tional to the actual radical concentration. 

However, future OH comparisons should be carried out in a manner 
different from the CITE tests, in two respects. First, the instrumentation 
should be developed to a point where ground-based testing can be thoroughly 
performed before aircraft measurements are undertaken. Second, informal 
planned collaboration between different measurement teams should precede blind 
intercomparisons . 

The difficulties encountered in making all the OH techniques work during 
the CITE tests are indicative of the complexity of this type of instrumenta- 
tion. It was suggested that three different methods should be on hand for an 
official (blind) intercomparison performed on the ground. As noted above, 
those methods with the most likely potential are the low-pressure LIF, the 
long-path absorption, and the two— photon LIF. The fluorescence— based methods 
have the potential for aircraft adaptation, although tests in such a mode 
should not proceed until later. 

A ground-based test site should be chosen on the basis of relatively high 
anticipated OH concentrations in the general vicinity (1 to 10 x 10^/cm^) of 
that expected in the daytime clean troposphere. Very desirable would be the 
potential for gradients in the OH concentration, although this may be diffi- 
cult to foresee in a single ground-based location (contrasting, for example, 
with an aircraft flight through a thundercloud plume). Wallops Island remains 
a prime site due to past NASA operations there, and it should receive serious 
consideration. The suitability of it and other sites could be explored with 
the aid of photochemical models and supporting data on the concentrations of 
other participating species as discussed earlier. 

Such tests should be planned for a long enough time period that the 
experimenters will be likely to encounter some range in the OH concentration. 
Model testing can proceed concomitantly, if the site location is clean enough 
to be described adequately by the theory. To do so it will be necessary to 
collect at the same time the pertinent supporting data (concentrations of 0^, 
H 2 O, NO, CO, and CH^ plus J-value) for input into the models. However, the 
main objective of the tests should be the comparison of the instruments, with 
the provision of data useful to model testing an ancillary purpose. 

The comparison of the methods will serve to establish their relative 
precision, in the opinion of the workshop participants. The accuracy of the 
methods will follow subsequently; it is the precision which will indicate the 
important fact that OH is being measured. Any differences in absolute values 
between two or more successful methods are likely to point the way toward 
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calibration accuracy, if the signal-to-noise ratios and precision with respect 
to concentration gradients are each large enough. 

It is important to ensure that each of the methods being intercorapared is 
measuring the same OH concentration. These concerns have been addressed 
previously regarding fluctuations in correlated variables responsible for OH 
production and loss and measurements of those variables at the same spatial 
locations in each case. Here, a major question of this type may arise in 
comparing long-path absorption with LIF-based methods. The former operates 
over distance scales of the order of several km, depending on the averaging 
time and wind velocity (speed and direction). The latter samples distance 
scales directly given by wind movement of the local troposphere for a 
ground-base station. Are there gradients which exist in the OH concentration 
during a measurement period and for typical averaging times? What gradients 
exist in the variables controlling [OH]? The simplicity of the data analysis 
for the long-path absorption gives it special significance for comparison 
purposes, so long as it detects the same concentrations as the more local 
LIF-based methods. Similar considerations apply for comparison of any local 
chemical sensor techniques with the any laser-based methods. 

To address such questions, one must perform numerical experiments with 
the fast photochemical models and must consider actual meteorological 
conditions at the chosen site. 

A full, double-blind type of field comparison is the ultimate test of 
more than one OH detection apparatus. (In the case of OH with only its low, 
ambient concentration available, all of the intercomparisons are implicitly 
double blind in the sense that no seed compound is released.) Unless the 
methods to be intercompared are really ready for such an ultimate objective, 
these efforts can be wasted. 

Consequently, Informal collaborative intercoraparisons should be 
encouraged wherever and whenever possible. Two or more different techniques 
would be brought to the same site for a series of measurements under either 
laboratory or field conditions on common atmospheric samples. The purpose is 
to discover at an early stage disagreements between instruments purporting to 
measure the same or related quantities. Most of this concept has been 
directed toward OH but of course it applies to other species when 

multiple measurement methods are available for them as well. 

The absence of the double-blind feature in such collaborative intercom- 
parison can lead to a concern about objectivity. Extreme care must be taken 
by the collaborators in order to avoid substance or appearance of 
"collaboration-induced agreement." However, the benefits of collaborative 
work outweigh such risks. Cross-fertilization will occur when groups with 
different areas of expertise examine others methods in a detailed and open 
fashion. The field of OH measurements has been characterized in the past by 
intense competition; a move towards cooperation could be most refreshing and 
productive. It is likely that more credible results and standards will 
emerge. 

The results of the collaborative intercomparisons should be communicated 
to the scientific public just as blind intercomparison results are. This can 
take the form of journal publications, reports, and presentations at workshops 
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and conferences. Results of both a positive (agreement) and a negative 
(disagreement) nature must be reported to maintain both objectivity on the 
part of the Investigators and credibility for the scientific community. 

Over the long term, comprehensive atmospheric measurement packages 
capable of routinely and confidently determining concentrations of OH and 
other species in flight operation are desired. Achieving this objective will 
likely require pooling and coordination of diverse expert capabilities on a 
scale now foreign to the H^^Oy problem. Such collaborative intercomparlson on 
OH is a step in this direction. 


That such collaborative work should proceed prior to blind intercomparl- 
son was a nearly unanimous opinion of the workshop participants. It should be 
explicitly encouraged, when possible, by funding agencies; that is, it should 
be considered a proper, major part of a field testing program. On the other 
hand, it is recognized that each proposed collaboration will be a unique case 
in the sense of the mobility of devices, the feasibility and commonality of 
measurements on presumably the same samples, and the personalities of the 
Investigators involved. Thus, clearly, support and encouragement must be 
tailored to the individual situations. Each of these measurement schemes and 
tests is itself unique enough that such choices should not be difficult. 


It has been suggested in the past that some sort of OH calibration device 
be developed which could be used with each of the current or proposed 
measurement methods. This device was originally conceived as adaptable to the 
lidar and in situ LIF methods tested in the CITE experiments. A large volume 
containing OH produced in "known" quantities at the level appropriate for the 
clean troposphere was the basic idea. It was clear even then that developing 
such a device would be a major undertaking because it would need to be 
calibrated for the absolute OH concentration, presumably through absorption 
measurements. Even if, with multiple passes, path lengths of a few hundred 
meters could be obtained, this would limit detectable, calibrated concentra- 
tions to no less than 10^/cm^ and likely much higher. 


At this workshop, little attention or discussion was given to the idea of 
a universal OH calibration device. It is clear that the diversity of measure- 
ment techniques available for OH renders much more difficult the adaptability 
of any such device to the detection systems. In particular, such a calibra- 
tion can really be made available only for the local measurement instrumenta- 
tion, that is, LIF (including lidar). The calibration cannot be adapted for 
use in the long-path absorption or for most of the chemical sensor methods. 


On the contrary, it was the opinion of most of the workshop participants 
that the OH techniques available now and in the near future are capable of 
operation at the proper OH levels. The LIF-based techniques that are 
adaptable to local calibration already include calibration procedures as part 
of the method. The absorption needs no calibration, only freedom from inter- 
ferences. Thus an explicit intercomparison of calibration standards appeared 
unnecessary. In fact, it was considered quite adequate to perform an inter- 
comparlson study on ambient levels of OH, which would serve as a sufficient 
cross calibration. 
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It is of course necessary to consider quantitative aspects of the 
calibration methods used for each instrument. Several methods are possible 
for the techniques which sample the atmosphere for OH detection via LIF. The 
PSU group uses mesitylene (1,3,5-triraethylbenzene) decay in an air sample bag. 

The investigators consider this method reliable to within 10 percent although 
questions of complexities in the reaction scheme were raised by other 
participants. The GaT group used two methods: photolysis of H2O2 and photolysis 

of O3 in the presence of H2O. Knowledge of absolute quantum yields leads to 
errors of perhaps 30 percent in derived absolute [OH]. Comfortingly, the 
agreement in the OH produced by each method agrees to within about 20 percent 
for the worst case, under varying conditions such that the [OH] changed by a 
factor of 30 over the entire range. Other methods that have been suggested are 
the production of OH by the chemical reactions H + NO2 and F + H2O. 

A more careful quantitative consideration of the errors inherent in any 
of these schemes needs to be undertaken, perhaps augmented by further 
laboratory studies on the reaction sequences themselves. 

Chemical Sensors for Local OH .- Chemical methods have the potential to provide 
different and at times very complementary information on OH concentrations, 
compared to the laser techniques. The development of reactive compounds with 
the correct chemical properties seems to be the chief stumbling block. Work 
should be encouraged along these lines. A wide variety of time scales may be 
available from global measurements (averaging over years) to local, short-term 
chemical releases. The short-term methods need supporting development along 
the lines of kinetic and mechanistic information. The value of release of 
multiple samples was noted. 

The OH concentration on a globally averaged basis has been measured to 
within about a factor of 2 by considerations of the concentration of methyl 
chloroform and other halocarbons. Here, the known reaction rate and the best 
estimated release rate can be combined to give [OH]. Instead of using re- 
active tracers on such an opportunistic basis, they can be released purposely 
into the atmosphere. A method for such a global average is described in the 
next section. We here consider measurements on a more local or regional 
basis. 


One technique, which has been performed by a team at Washington State, is 
the radioactive CO decay rate measurement. Experiments using this technique 
rely on a sensitive measurement; at 10^ OH, less than 0.1 percent of the CO is 
converted in a 1-hr residence time. Early measurements in ground-based 
stations around the globe gave results with extremely nice signal-to-noise 
ratios. However, attempts to make the system operate in either the ground- 
based or aircraft-based CITE measurements were unsuccessful; in no segment of 
either mission did the system operate at a level in which signal could be 
detected. In spite of its early promise, this method received no attention by 
any investigator during the workshop. The conclusions which we should reach 
concerning the ^^CO experiments of Washington State during CITE-I are not 
clear. It would be useful for this matter to be examined further by those 
particular workshop participants who are familiar with chemical release 
methods. 
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Rather, techniques involving the decay of specific compounds that could 
be injected into the atmosphere were considered. Many of the suggestions 
included one or more man-made halogenated species. Depending on reaction time 
and wind conditions, these techniques could, in principle, be tailor-made to 
cover particular distance scales, such as those from a few km to perhaps a 
thousand km in distance, before reacting. In order to compensate for the 
transport itself, an inert tracer (one with a much longer chemical lifetime) 
would also be released at the same time. A release along a chain of islands 
might provide the environment to employ chemical sensors over a scale of 
hundreds of kilometers in the clean marine troposphere. 

It is extremely desirable to have a different method available than the 
spectroscopically based technique for local OH measurement. The use of a 
chemical sensor for OH would be subject to a very different set of potential 
systematic errors. The ability to establish agreement (or discover a lack of 
agreement) with one or more of the laser-based methods would be very important 
in establishing the validity of local OH measurements. If only for this 
reason, the development of a method to chemically determine local [OH] should 
receive high priority. However, in contrast to the situation that there are 
laser-based systems now operating and others in the proposal and/or early 
development stage, there exist few efforts that seek to establish a chemical 
sensor technique. This search should be expanded. 

Several molecules have been suggested for use in the chemical sensor 
technique (as described in the sections on each technique). It would be best, 
of course, to choose a compound for which there is no natural source or 
possibility of contamination from an uncontrolled release of the specific 
reactant. The choice of compounds is not necessarily confined to the simple 
consideration of only these aspects together with some given chemical lifetime 
versus OH. One also needs to consider the mechanism of reaction, that is, the 
reaction with unsaturated molecules which can proceed via adduct formation may 
have a complex combined temperature/pressure dependence. The photochemistry 
of the chosen compound and the possibility of reaction with other species must 
of course be taken into account. A key criterion is the choice of some 
molecule with a specific detection signature because it will be necessary to 
measure changes in a relatively small quantity. Addition of too much of the 
reactant may perturb the chemistry in the region being sampled. 

Accuracies of the order of 1 percent are realistic. It is important to 
keep in mind the chemistry of the released compounds, however. What do they 
themselves measure and do they perturb the chemistry controlling OH, were two 
questions raised by several speakers. The combined temperature and pressure 
dependence of reaction rate constants of OH with unsaturated hydrocarbons 
needs to be kept in mind. 

It is important to consider the chemical sensors and the laser-based 
techniques with respect to the ability to intercompare them. It is attractive 
to consider that the same quantity, the OH concentration, could be measured by 
two very different types of methods as a very unique test of each system. 
However, we must ask exactly how the same quantity is being sampled. Only a 
chemical sensor which acquires samples from the same very local region as that 
covered by the local LIF methods can be compared directly. Here one finds the 
same concerns which accompanied the discussion of comparison of the long-path 
absorption and LIF methods. In the case of chemical sensors, the differences 
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(and abilities to compare quantitatively) diminish with the distance scale 
covered by the chemical methods. Fluctuations in the variables determining OH 
can easily render improper any such comparison if too great a time and dis- 
tance are averaged over. The merits of each proposed measurement must be con- 
sidered, using the tropospheric models to assess the potential levels of 
disagreement necessarily built in by the averaging. Of course, these con- 
siderations apply only to the intercomparison and not to the inherent value of 
the chemical sensors in providing data useful as tests of the models, with 
calculations properly configured to average over the same variables as in the 
experiments. 

Long-Term Globally Averaged OH .- A proposed measurement of globally averaged 
OH over a long-term period received considerable (though not universal) 
attention and enthusiasm at the workshop. The proposal itself concerned the 
release of deuterated ethane in known amounts and measurements of its globally 
uniform concentrations at various locations. Mass spectroscopic analyses 
should furnish accuracies of 1 to 3 percent. 

Determinations of globally, seasonally averaged OH concentrations would 
emerge from these measurements. The level of measurement accuracy attainable 
is well beyond that needed for direct comparison of this average quantity with 
that calculated from models. In fact, the agreement to within a factor of 2 
found by comparison with the methyl chloroform data is about as good as can be 
expected, given the uncertainties in the kinetic parameters used as input to 
the models. Consequently, simply as an Immediate test of an understanding of 
the photochemistry, this experiment has little value. 

What is most appealing about this method, however, is the possibility of 
providing information on the change in the globally, seasonally averaged OH 
concentrations over a long period of time, say 50 or more years. With mea- 
surement accuracy in the C 2 D^ concentration of 1 to 3 percent, the relative 
change in OH concentration would be followed to the same level of precision. 
This would permit small changes in the OH concentration to be followed over 
the long term, if these measurements are repeated every 5 or 10 years. For 
example, recent calculations considering worldwide methane concentrations 
indicate that [OH] has decreased 25 percent between 1950 (when [CH^] = 1.14 
ppm) and the present ([CH^j = 1.65 ppm). This result relies on assumptions 
such as that the concentrations of NO^ and O 3 were the same in 1950 as today. 

With concurrent measurements of other variables, long-term trends in [OH] 
concentration could provide the key evidence for understanding and ultimately 
forecasting long-term effects on concentrations of O 3 molecular species 
involved in the greenhouse effect. One of the workshop participants felt that 
this long-term [OH] determination was the most important global tropospheric 
variable that we could measure. Many of the other participants, though less 
extreme in their enthusiasm, agreed that such a measurement was very 
worthwhile. 

On the other hand, several participants strongly questioned this 
experiment altogether. Their objection was that repeatable measurements could 
not be made at the necessary level of precision. If the deuterated ethane 
were released uniformly around the globe, its concentration after a year would 
vary about 15 percent depending on seasonal and spatial inhomogeneltles and 
circulation; that is, measurements repeated later would be good to only that 
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amount and would be inadequate to produce the desired long-term trends. The 
consensus was that, in some form, such a measurement should be supported and 
commence as rapidly as it can be properly designed. 

The compound C2D5 was selected as a prime candidate molecule because it 
is unlikely that this compound would be released into the atmosphere except in 
this experiment. It was also selected based on a consideration of appropriate 
reaction times and detection limits using mass spectroscopy. There are 
several potential disadvantages that must be explored. One estimate is that 
about 20 percent of the disappearance rate of the C2D^ globally will be caused 
by reaction with CA atoms, although other participants questioned that there 
is enough CA in the troposphere to cause any removal. 

Further, all participants agreed that uncertainties can be caused by 
nonuniformities in concentration due to patterns in release sites and sampling 
locations, folded together with a time-varying OH concentration distribution 
on a large scale. It is known, for example, that C2Hg concentrations vary 
seasonally by a factor of 3 at given sampling stations. One must consider the 
relationship of the measured concentration (at a given point in space and 
time) to that considered to be the average for obtaining long-term trends in 
[OH]. 


Again it is necessary for further experiment design to proceed with the 
aid of models of the pertinent photochemistry of the troposphere, including 
global circulation models. Ultimately, of course, one must relate the mea- 
sured quantities to those that are meaningful for model comparisons; this will 
require careful selection of release and sampling patterns, with attention 
paid to errors introduced by assumptions as to nonuniform circulation. It is 
possible that other molecules (such as CD3CF2CD3, which is less common than 
^2^6^ or multiple species might be released to check for effects of non- 
uniformity in circulation. In any case, folding in the OH concentration 
distribution through model calculations will be necessary. 


Measurement Techniques for HO2 and H2O2 

Considerably less attention was paid to these species than to OH. Part 
of the reason is the special Importance attached to OH as a test of the under- 
standing of fast photochemistry of the troposphere, and part is the attention 
already paid to development of OH instrumentation over the last decade. 

HO2 has a chemical lifetime of the order of 100 sec in the freg* clean 
troposphere and is present in typical quantities of the order of 10° 
molecules/cm^. This longer reaction time means that it is not as good a test 
of the fast photochemical models as is OH, but its measurement would nonethe- 
less form an important and useful quantity. Of particular interest may be the 
ratio, [0H]/[H02]. Further, as discussed in the section on needs for testing 
the models, fluctuations in other variables over the time period of the 
measurement could render the HO2 concentration as meaningful as that of OH 
under certain circumstances; answers to these questions can only be gained by 
computational experiments. 

Thus it is worthwhile to seek reliable, sensitive measurements of HO2 as 
well as OH. Three suggestions were made. One suggestion is to use a chemical 
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sensor that depends on reaction with NO in the presence of excess CO. This 
instrument responds to total peroxy radicals, that is, RO 2 as well as HO 2 . 
However, each radical is differently weighted so the result is not a linear 
sum of all peroxy species. It appears to work reliably and cheaply, although 
for operation in the field, ambient NO 2 concentrations will limit the overall 
peroxy sensitivity to about 10^, This chemical sensor can provide interest- 
ing, useful numbers which must constrain the photochemical models within 
certain limits. However, it appears that tests of those models at a level of 
accuracy corresponding to uncertainties in the input kinetic data will require 
more specificity between HO 2 and other peroxy radicals. 

Another HO 2 instrument determines the concentration by chemical conver- 
sion (reaction with NO) to the OH radical, which is then detected with 
low-pressure LIF. The ultimate sensitivity expected is in the 10 range, 
yielding good precision for anticipated clean tropospheric concentrations. 

The concern here is one of interference; present measurements show dis- 
crepancies of factors of 2 although it is expected that eventually these 
can be accounted for. 

The third method is that of tunable-diode laser absorption multipass 

arrangement. In this method, measurement of HO 2 is marginal at 10° molecules 
per cm*^, so that in the present configuration the diode laser approach does 
not appear sensitive enough to yield measurements of the needed precision for 
tests of clean tropospheric photochemistry. However, the possibility of 
future improvements, in particular the addition of frequency modulation, could 
likely improve this limit considerably. 

An additional method for detecting HO 2 was not discussed at the meeting. 
This method Is a matrix trapping/electron spin resonance method used at KFA. 
Preliminary results reported at the workshop indicate sensitivities at the 
level of 10 ® HO 2 molecules/cra^ in the atmosphere, at the margin of utility for 
tests of the photochemistry. However, in regions of high concentration of the 
hydrogen peroxide, this could serve as a useful method for intercomparison. 

It was suggested that the PSU LIF, the Denver chemical amplification, and the 
KFA ESR methods be tested together in the same comparative way as envisioned 
for OH techniques. Development of a plan and protocol for such a comparison 
should be encouraged. When comparison issues are considered, it is important 
to consider spatial and temporal averages as for OH. With a longer chemical 
lifetime, different levels of fluctuation in controlling variables can be 
tolerated. 

There are two very different techniques available for H 202 * These are a 
fluorometric method in which the sample is brought into an aqueous phase in 
which the peroxide reacts with compounds that produce chemiluminescence. 
Interferences from commonly found atmospheric species (e.g., O 3 and SO 2 ) do 
not appear to be a problem, but that question warrants further study in both 
the laboratory and the field. The detection limit is quoted as better than 
50 ppt, which would yield a signal-to-noise ratio of about 10 for concentra- 
tions expected for H 2 O 2 in the clean troposphere. 

The other method for determination of H 2 O 2 is the diode laser absorp- 
tion. This method has the advantage of being very specific for the species 
measured, but its sensitivity is lower. In a 1- to lO-min averaging time, 
concentrations of about 300 ppt can be detected; this is not as low as is 
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desirable. With a longer multipass cell, sensitivities <100 ppt are pro- 
jected# The possiblity of adding frequency modulation may lower this yet 
further. 

Importantly, it was reported at the workshop that the diode laser and the 
fluorometric method have been tested together in regions of high H2O2 (3 to 
5 ppb) and have been found to give good agreement, although the details of 
that comparison are not yet available. This is a case of seeking a comparison 
between two very different kinds of techniques that Involve quite different 
potential systematic errors. 

Laboratory Support Studies 

The analytical technologies used in these detection schemes had their 
birth in physics and chemistry laboratories that concentrated on the 
fundamental aspects of molecular behavior not on the detection methods 
themselves. However, now that the instruments are maturing, the 

laboratory efforts must aim at suppporting and filling identified and probable 
data gaps. These laboratory studies can be used to enhance the utility of and 
confidence in the methods now in use and to help provide for the next genera- 
tion of detection technologies. Four specific areas were identified during 
the workshop as needing additional research. They are briefly discussed. 

Chemical Conversion Methodology .- Two current methods use the chemical 
conversion of HO2 and/or RO2 to other chemical species in order to measure the 
concentrations of these peroxy radicals. The accuracy of the technique is 
directly dependent on the quantitative understanding of the chemistry of these 
conversion steps. It must be known how changes in environmental conditions 
such as pressure, temperature, and concentrations of other species (including 
water vapor) affect the conversion. A specific area of direct and immediate 
concern here was HO2 conversion to OH by high levels of NO, under conditions 
where there exists a potential for formation of NO3 and reactions of RO2 to 
regenerate OH and/or H02* 

Calibration Systems for 0H-H02**” Presently there is a reasonable diversity of 

calibration techniques for the generation of OH radicals. The good agreement 
between H2O2 photolysis and 0^ photolysis calibrations suggests no serious 
systematic errors in the parameters used to calculate the absolute concentra- 
tion of OH generated. Nonetheless, further laboratory study to quantify the 
error limits in these processes is valuable. The PSU method of mesitylene 
decay in an air sample deserves further attention to quantify errors intro- 
duced by possible adduct formation and reaction on the sample container walls. 

By contrast, methods for calibration of HO2 appear to have significant 
gaps. The PSU study used two methods: HO2 decay and photolysis of NO-CH2O 
mixtures; the results were found to differ by a factor of 2 . Since the HO2 
coupling reaction is important in the calibration and chemistry of the HO2 
systems, a careful examination should be made of the rate constant. It would 
appear that a calibration system for this species requires signif Icantly more 
work. 
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Fundamental Spectroscopic and Dynamic Studies on OH .- All of the laser-based 
OH methods depend to some degree on knowledge of fundamental parameters of 
behavior of the excited and ground states of OH. Absorption coefficients, 
needed for the long-path absorption, appear in good shape at a 3 -percent level 
of accuracy. The LIF methods also require knowledge of certain collisional 
energy transfer rates. Needed here are quenching rate constants for the 
electronically excited state which have recently been found to vary 
significantly with temperature over the range encountered for tropospheric 
monitoring. This means that even systems calibrated for OH will need this 
correction factor for changes in quantum yield as a function of local tempera- 
ture. The PSU experiment will require similar information on vibrational 
energy transfer in the excited state, and the JPL lidar experiments need data 
concerning rotational energy transfer. The GaT two photon method requires, in 
addition to the aforementioned items, laboratory studies of energy transfer in 
the ground electronic state among rotational, spin-orbit, X-doublet, and 
orientational quantum levels. 

These fundamental studies should not be limited to Just these physical 
parameters but should be flexible and expansive enough to incorporate new 
needs and set the base for future generations of detection instrumentation. 

Chemiluminescent Sensors .- One idea raised during the workshop was the pos- 
sibility of developing a cheap, portable and reliable chemiluminescent sensor 
for OH in comparison to the complex laser instrumentation now in use. No 
distinct ideas were offered although the idea appeared worth exploring. At 
the very low levels at which [OH] is present, a prime concern is the lack of 
specificity resulting from interferences associated with reactions with more 
abundant species. Developing concepts along these lines is to be encouraged. 


Two Questions: The Cost of Cheap Experiments and the Penultimate OH Machine? 

Two further questions were raised but not discussed during the workshop. 
The first concerned comments which surrounded the discussion of comparisons 
between nearly every potential laser and nonlaser method. Here, laser experi- 
ments with their clearly visible, large amounts of complex hardware were 
labelled expensive, in contrast to nonlaser experiments that chemical 
sampling, as in the fluorometrlc H2O2 determinations. The development of a 
"cheap" chemiluminescent sensor for OH was asked for. 

Are nonlaser experiments actually cheap? The real question concerns the 
fraction of actual cost represented by the capital investment in hardware. 
Other costs may well be the same, depending on the number of person-years 
involved in each measurement sequence. A proper cost comparison would also 
take into account the budget spent on flight or ground station operations 
devoted to the measurement in question. 

This question of comparative costs is one which should be looked at by 
agency personnel with access to the correct budgetary figures. It is neces- 
sary information if funding decisions are to include as a criterion the cost 
of a given measurement method. 
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A second question that was raised will eventually need attention at a 
level high in the tropospheric measurement programs. This question concerns 
measurement techniques, each of which sample OH on the same spatial and 
temporal scales, e.g., the PSU low-pressure LIF and the GaT 2-photon LIF 
instruments. The question is: Should we direct our attention to the 

development of a single, penultimate OH device which has all the desired 
characteristics? Or, should we maintain, for a long period of time, 
development and use of more than one method, so that we have the ability to 
intercompare them for a variety of atmospheric conditions? There are 
advantages and disadvantages in each choice. By the time the performance of 
the next generation of OH devices can be demonstrated, that is, within 2 or 
3 years, this question should be a topic of concern and discussion among both 
scientists and funding agency personnel Involved in tropospheric chemistry. 
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APPENDIX 


ABSTRACTS AND COMMENTS ON SPECIFIC MEASUREMENT METHODS 

Abstracts of each H^^Oy measurement method that was presented to the 
workshop are given in this appendix. A comments section is included which 
summarizes discussions and questions raised by the workshop participants 
during both the smaller panel meetings and the open discussions with the 
entire group. 

This section assumes familiarity with each method at a level corres- 
ponding to the references given in the abstracts. 
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